Abstract -Irradiation of exo-2-benzonorbornenyl chloride and mesylate, with 254 nm light, leads to facile cleavage of the C-Cl and 0-Ms groups (eq. 1 and 2). The reactions derive from the aryl excited singlet state, involve radical as well as ("hot') carbocation intermediates, and proceed more effectively with the exo, rather than endo, isomers. In the [2.2.2] series (eq. 3 and 4), fragmentation again occurs but the endo chloride is now the more reactive isomer. A new *
INTRODUCTION
The photochemical and photophysical properties of polyfunctional organic molecules continues to command intense interest, and there are now a number of known modes of intramolecular interaction between functional groups, subsequent to electronic excitation. For example, the photochemistry and photophysics of numerous non-conjugated aryl-olefins are dominated by such phenomena as intramolecular triplet energy transfer, enhanced triplet radiationless decay, singlet exciplex formation, singlet charge-transfer and di-Tr-methane bonding (Ref. 1). Recently, we have directed our attention to the photoinitiated cleavage of remote functional groups and have communicated preliminary observations on the photolysis of exo and endo-2-benzonorbornenyl chlorides and mesylates (Ref. 2) . This paper: (1) summarizes our more recent data for these substrates, (2) presents new chemistry we have observed in the [2.2.2] bicyclic series and (3) outlines a new approach * to rationalizing "n,Tr ' excited state chemistry, which focuses on the "HOMO (highest occupied molecular orbital) dictated" nature of "n,i"" primary processes. In the latter discussion, we utilize a new method ("Delta Plots') of pictorially representing the changes in charge density in different portions of a molecule produced by electronic excitation.
PHOTOINITIATED BOND CLEAVAGE IN AROMATIC BIC'fCLICS
Photolyses in the [2.2.11 series Photolysis of methanolic solutions of exo-2-benzonorbornenyl chloride (L) with 254 nm light leads to cleavage of the C-Cl bond, and to the formation of products derived from both free radical and carbocation intermediates (Eq. 1). The absorption spectra of(1) and benzonorbornene (2) are appreciably less reactive than the exo isomers. Thus, dis for the endo-chloride in methanol is 0.019, less than 4% of that observed with 1, and the endo-mesylate is virtually photoinert in t-butyl alcohol.
We have acquired appreciable evidence for the involvement of the excited singlet state in the formation of the products shown in equations 1 and 2.
Our data for 1 include: (1) The insignificant quenching of 5, 6 or 7, by A summary mechanistic scheme for 1 is outlined below (the substrate is denoted as R-Cl).
,'J ,J #, -J Both homolysis and heterolysis are included as sources of R+.The homolytic pathway finds precedence in Kropps (4) evidence that the hot' cations formed in the photolysis of bromides and iodides are produced by electron transfer within a caged radical-pair. We observe that the use of a better hydrogen atom donor as solvent (i.e., i-propyl alcohol) increases the overall efficiency of formation of products derived from R, with a concomitant decrease in those derived from R+. The trend is reversed in t-butyl alcool and we interpret these data as indicating that at least some portion of R is formed from R. However, competitive direct heterolysis of [R_Cl]* is also implicated by the large effect of solvent polarity on the fluorescence efficiency and lifetime, and this step is therefore included in the Scheme.
(A single, homolytic fission to a highly polarized radical pair is an attractive alternative mechanism which eliminates the need for two modes of C-Cl cleavage).
Exactly how the C-Cl or C-OMs bonds become activated by 254 mm excitation remains unclear. Cristol has suggested full electron transfer from the "DELTA PLOTS AND "ROMO DICTATED" CARBONYL PROTOCHEMISTRY DeIta Plots" -a new way to visualize electronic excitation These observations on the photoinduced cleavage of remote functional groups illustrate the need for new theoretical approaches to aid in our understanding of the excited state properties of polyfunctional molecules. Towards these ends, we have developed a computational and plotting sequence which creates what we have termed "Delta Plots, 'i.e. contour plots which permit one to visualize the changes in electron density in different parts of a molecule caused by electronic excitation. The sequence involves (1) calculation of the ground and excited state wave functions, using the CNDO/S-CI program of Del Bene and Jaffê (Ref. 7) , (2) renortnalization of the molecular orbital coefficients using a Lowdin transformation, (3) subtraction of S, from S1, using all the contributing one-electron excitations, to provide any net increase or decrease in electron density resulting from promotion to the excited state and (4) a plot of the molecule showing the changes in charge density. The plotting routine is essentially that developed by Jorgensen and Salem (8) , modified so that net increases and decreases in electron density are depicted by solid and dotted contours respectively. A similar approach has been taken by Huber and Adams (9) wherein 'electron density mapping diagrams are used to represent the changes in electron density associated with a specific one electron transition. The overall objective of our Delta Plots also finds analogy in the "tsp matrices' created by Zimmerman (10). Two examples of 'Delta Plots" are presented in Figures 1 and 2 for the 55 (Tr*m*) transition in ethylene and the ÷5 (1÷r*) transition in formaldehyde, respectively. Figure 1 quite nicely pictorializes the shift of electron density from the region between the carbons to the ends of the r system, characteristic of the * promotion from a ii bonding orbital to a r antibonding orbital. Likewise, in figure 2 we see the large loss in electron density at the oxygen p orbital with a corresponding increase in the r system (more heavily x concentrated at the carbon). "HOMO dictated' carbonyl photochemistrv One of the more striking features of Figure 2 is the large loss in electron density at the C-H bond which accompanies the formaldehyde n÷i' transition. Delocalization of a carbonyl "n' orbital is well recognized (Ref. 8, 11 ), while the orbital is primarily localized at the C-O bond (cf. Figure 3) .
It is thus reasonable that in a so-called "nrr " transition, electron density will be drained from those (non C-O) regions in the molecule which * make significant contributions to the "n' orbital. Clearly, the term "n-'-transition is misleading, and in simple ketones and aldehydes having a delocalized "n' orbital as the highest occupied molecular orbital (HOMO), one can only fully appreciate the consequences of S÷S1 excitation by thinking in the more general terms of a HOMO-LUMO transition. Thus, if one examines the HOMO and LUMO of acetaldehyde (Figure 4 ), one notes again the large potential loss in electron density at the alpha C-H and C-C bonds upon excitation to S, and a Delta Plot for S--S is presented in Figure 5 . Viewed in this fashion, the Norrish Type I cleavage nay be thought of as "HOMO dictated photochemistry, (i.e., it is its participation in the delocalized HOMO which makes the alpha C-C bond susceptible to cleavage). Note that the S0--S1 transition in ketones and aldehydes is particularly 'clean' in that the CNDO/CI calculations indicate the HOMO-LUMO oneelectron excitation comprises .98% of S. This, plus the localized nature of the LUMO, make an examination of the HOMO particularly informative; the Delta Plot is useful but not essential to applying the concept of carbonyl 'HOMO dictated' photochemistry. (Delta Plots should be most useful where several one-electron transitions contribute to an excited state).
We believe that the concept of "HOMO dictated' carbonyl photochemistry may well be capable of rationalizing most, if not all, of the known ketone and aldehyde primary processes. We illustrate with two additional related examples: the Norrish Type II reaction and intermolecular hydrogen abstraction. (14), the O/yH distance is 1.60 A at which distance the molecular orbital mixing (see below) will be even greater). The loss of electron density from the (reacting) C-H bond is clearly evident in the Figure. Note that the Type II reaction contrasts with the situation which typically prevails for the Type I cleavage, in that the latter does not require a significant change in the ground state geometry. The gauche and anti ground state butyraldehyde conformers must rotate into the cyclic Fig. 6 . A Delta Plot for HOMO-LUMO excitation of butyraldehyde in a chair geometry approximating that of the Norrish Type II reaction.
transition state after excitation in order for Type II abstraction to occur. Thus, our Delta Plot represents the flow in electron density caused by electronic excitation when the geometry approximates the transition state, rather than the initial (i.e. Franck-Condon) excited state. (A calculation on the anti conformer confirms the absence of H involvement in the HOMO at this geometry). Though Figure 6 derives from a CNDO/S computation, an analogous picture emerges with wave functions from MNDO or STO-3G calculations.
It is not surprising that photochemically induced In!molecular hydrogen abstraction (exemplified by the interaction of formaldehyde with metbane is also predicted by a Delta Plot (cf. Figure 7 ). An 0/H distance of l.79A states. One may look upon the butyraldehyde Type II reaction as chemistry resulting from a "bifunctional' interaction between the carbonyl and C-H units. In this vein, we expect the HOMO and Delta Plot analyses will be equally useful for predicting photoactivation of remote functional groups in molecules such as amino-or chloroketones. Theoretical and experimental studies of such systems are in progress.
